1. Introduction {#sec0005}
===============

Various techniques as fluorescent [@bib0005], surface plasmon resonance spectroscopy [@bib0010], quartz crystal microbalance [@bib0015] and electrochemical methods [@bib0020] have been proposed for DNA hybridization detection. Electrochemical methods for DNA hybridization detection possess the advantage of simplicity, low cost, high sensitivity [@bib0025], [@bib0030], [@bib0035] and rapid and direct detection [@bib0040] of specific DNA sequences. A variety of alternative ways of electrochemically detecting DNA have been reported in the literature in the last years. Direct, indirect methods and the use of marks are the three formats which have been employed in the genosensors development. The intrinsic electroactivity of guanine or adenine bases can be used for the direct measurement of nucleic acids in a label-free assay [@bib0045], [@bib0050], but their poor sensitivity is their principal disadvantage. The electroactive determination of intercalate [@bib0055] or associate with double-stranded DNA (dsDNA) indicators involves the indirect methods of DNA determination. The bad sensitivity can be enhancing with the use of enzymes due to their inherent amplification. Finally, the use of marks, as fluorescent molecules [@bib0060], has been very used in the DNA sensors development. However, the use of electroactive species has been much less common [@bib0065], [@bib0070].

Methylene blue (MB), 3,7-bis(dimethylamino)phenothiazine-5-ium-chloride, an organic dye which belongs to the phenothiazine family, had been used as electroactive marker in biosensors to detect the hybridization event [@bib0075], [@bib0080], [@bib0085], [@bib0090], [@bib0095], [@bib0100], [@bib0105], [@bib0110], [@bib0115], [@bib0120], [@bib0125], [@bib0130], [@bib0135], [@bib0140]. The process is performed by different interactions: (i) by electrostatic interaction between cationic MB and anionic DNA [@bib0095], [@bib0100], [@bib0105], (ii) by intercalation of MB in the DNA double helix between alternating G--C base sequences [@bib0110], [@bib0115], [@bib0120], [@bib0125] and (iii) by covalent bound to the end of the single-stranded target DNA (ssDNA) [@bib0130], [@bib0135], [@bib0140], the least exploited of all. The first reference of a covalently modified MB-DNA is due to Plaxco et al. [@bib0130]. This work supports the utility of a DNA sensor with MB conjugated to the 3′ end of the DNA as probe sequence as a rapid, specific, and convenient method for the detection of DNA and RNA sequences. In this case, alternating current voltammetry (ACV) was employed for recording the electrochemical process. They found that signal generation on gold disk electrode is coupled to a hybridization-linked conformational change, rather than to only adsorption on the sensor surface. The covalent attachment presents, among others, the advantage that it is not necessary to perform a subsequent step of washing to remove unbound label. The use of ferrocene and their derivates [@bib0145], [@bib0150], [@bib0155], [@bib0160], gold complexes [@bib0065], metallic [@bib0165] or semiconductor [@bib0170] nanoparticles and osmium [@bib0175] or platinum [@bib0070] complexes covalently attachment to DNA strand had been used in the detection of the hybridization event.

Carbon nanotubes (CNTs) are widely considered to be among the most important materials of this century and can be applied to diverse fields including drug delivery [@bib0180], neuroengineering [@bib0185], gene therapy [@bib0190] and biosensor technology [@bib0195] among others. Several reviews of CNTs regarding the methods of synthesis [@bib0200], [@bib0205] and their mechanical, chemical and electrical properties [@bib0200], [@bib0210], [@bib0215], [@bib0220] are reported in the literature. Since their discovery and due to their unique properties, carbon nanotubes (CNTs) have been used in different electroanalytical applications [@bib0225], [@bib0230], [@bib0235]. Their adsorption capacity, the possibility of being functionalized, their ability to promote the electron transfer reactions of a great number of molecules [@bib0240], [@bib0245] and the possibility of use in miniaturized devices make CNTs a very attractive material for the further development of electrochemical biosensors. Different attempts have been made to improve the electroanalytical properties of disposable CNT-SPEs (screen-printed electrodes) biosensors, through their adsorption properties and the improvement in the reversibility of processes [@bib0250], [@bib0255].

In this work, a study of the electrochemical behavior of DNA-sequences of different lengths (15 and 30-mer) with MB covalently attached to one end of the strand was made. Sequences with two MB molecules, attached to both ends of the strand and sequences with one ---SH group were tested too. All DNA sequences corresponded to a portion of the SARS genome. Severe Acute Respiratory Syndrome (SARS) is an emerging infectious disease emerged in Southern China and rapidly spread to different areas of the Far East, caused by a novel coronavirus (SARS-CoV), which has overwhelmed more than 30 countries claiming nearly 8400 cases with over 800 fatalities since late 2002 [@bib0260], [@bib0265]. To the best of our knowledge, this is the first time that a comparative study between DNA single strands, different in length and labeling degree is made on CNTs nanostructured gold SPEs.

2. Experimental {#sec0010}
===============

2.1. Reagents and solutions {#sec0015}
---------------------------

Nafion^®^ (perfluorinated ion-exchange resin, 5 wt.% solution in a mixture of lower aliphatic alcohols and water), methylene blue (MB, certified by the BSC) and boric acid were obtained from Sigma--Aldrich (St. Louis, MO, USA). Sulphuric acid (95--97% of purity) was purchased from Merck (Darmstadt, Germany). Finally, amine functionalized multi-wall carbon nanotubes (MWCNT-NH~2~) were purchased from Belgium Nanocyl (Auvelais, Belgium). Water was purified employing a Milli-Q directQS system from Millipore.

Synthetic single-stranded DNA (ssDNA) was purchased from BioTez (Berlin, Germany). Oligomers different in length possessed the following base sequences:15-mer:MB-DNA:5′-MB-ACA GAG CCT AAA AAG-3′MB-DNA-MB:5′-MB-ACA GAG CCT AAA AAG-MB-3′30-mer:MB-DNA:5′-MB-ACA GAG CCT AAA AAG GAC AAA AAG AAA AAG-3′MB-DNA-MB:5′-MB-ACA GAG CCT AAA AAG GAC AAA AAG AAA AAG-MB-3′MB-DNA-SH:5′-MB-ACA GAG CCT AAA AAG GAC AAA AAG AAA AAG-SH-(CH~2~)~3~-3′

The sequence chosen is included in the 29751-base genome of the SARS-associated coronavirus [@bib0270]. This is the causative agent of an outbreak of atypical pneumonia. The sequence corresponds to a gene that encodes the nucleocapsid protein (422 amino acids), specifically a short lysine-rich region that appears to be unique to SARS and suggestive of a nuclear localization signal. A 30-mer oligonucleotide with bases comprised between numbers 29218 and 29247, both included, and a 15-mer oligonucleotide was chosen.

Oligonucleotide solutions were prepared in TBE buffer pH 8.0 (0.1 M Tris--boric acid buffer solution, 1 mM in EDTA). Aliquots were prepared and stored at −20 °C. Working solutions of ssDNA were prepared from aliquots in the buffer solution (0.1 M Tris--H~2~SO~4~ pH 8.0) [@bib0275] and stored at 4 °C.

2.2. Apparatus and instruments {#sec0020}
------------------------------

Voltammetric measurements were performed with an Autolab PGSTAT 10 (ECO Chemie) potentiostat interfaced to a Pentium 120 computer system and controlled by Autolab GPES software version 4.8. A JEOL JSM-5600 Scanning Electron Microscope (30 kV) was used to characterize the gold working electrodes modified with carbon nanotubes solutions. An Elma ultrasonic bath, a Nahita centrifuge with interchangeable car, a Mettler Toledo (AB54) balance, a Crison Micro-pH 2001 pH-meter, a magnetic stirrer Asincro (J.P. Selecta), a Sanyo refrigerator and a Sanyo (MIR-162) incubator were also used.

2.3. Gold screen-printed electrodes {#sec0025}
-----------------------------------

### 2.3.1. Unmodified electrodes (AuSPEs) {#sec0030}

Gold screen-printed electrodes purchased from DropSens (Asturias, Spain) include a traditional three-electrode configuration printed on the same strip. The format of these SPEs includes a gold disk electrode (12.6 mm^2^) as working electrode, a silver pseudo-reference electrode and a gold counter electrode using the same ink than this of the working electrode. All of them are screen-printed on a ceramic substrate (3.4 cm × 1.0 cm × 0.05 cm) and subjected to high-temperature curing (ref. 220AT). An insulating layer serves to delimit the working area and electric contacts. The production characteristics of commercial SPEs are regarded by the manufacturers as proprietary information. A specific connector supplied also by DropSens allows their connection to the potentiostat.

### 2.3.2. Nanostructured electrodes (CNTs-AuSPEs) {#sec0035}

The nanostructuration of screen-printed electrodes with CNTs was carried out by evaporation at room temperature of a 3-μL drop of MWCNTs-NH~2~ (dispersed in a 0.5% Nafion^®^/ethanol solution [@bib0255]) deposited on the working electrode. Before the measurements, CNTs-AuSPEs were washed with the supporting electrolyte (0.1 M Tris--H~2~SO~4~ pH 8.0) and dried at room temperature.

2.4. Electrochemical measurements {#sec0040}
---------------------------------

Drops of 40 of 20 μM MB, MB-DNA, MB-DNA-MB or MB-DNA-SH in buffer solution (0.1 M Tris--H~2~SO~4~ pH 8.0) were deposited for performing the electrochemical detection. The reduction signal of MB was recorded in triplicate (in three different SPEs) by scanning the potential between 0.0 and −0.7 V using cyclic voltammetry (CV) with a scan rate of 250 mV s^−1^, square wave voltammetry (SWV) with a step potential of 0.008 V, amplitude of 0.05 V and frequency of 50 Hz) and differential pulse voltammetry (DPV), with a step potential of 0.008 V, modulation amplitude of 0.05 V and scan rate of 16 mV s^−1^. All experiments were performed at room temperature.

3. Results and discussion {#sec0045}
=========================

As commented in Section [1](#sec0005){ref-type="sec"}, direct electrochemical labeling, this made with electroactive molecules will simplify enormously the procedures of bioassays. However, highly detectable molecules as well as sensitive principles of detection are needed for replacing the amplification power of enzymes. Methylene blue is a molecule that presents a well-defined two-electron redox process [@bib0280] with cathodic (conversion to leucomethylene blue (LB)) and anodic (reoxidation to MB) peaks. The electrochemical behavior of this molecule converts it into a suitable candidate for covalent electrochemical biolabel. Since a covalent attachment does not produce a high label density (one or two MB molecules per DNA strand), the transducer has to favored electron transfer. In a previous work, it has been demonstrated that nanostructuration with MWCNTs-NH~2~ produces the adsorption of MB on the surface allowing a very substantial increase in the analytical signal by employing an accumulation time [@bib0250]. In [Fig. 1](#fig0005){ref-type="fig"}A a cyclic voltammogram of MB on bare and nanostructured screen-printed electrodes is presented. After the nanostructuration, the increase in the reversibility of the electrochemical process allows the employ of sensitivity-enhancing electrochemical techniques such as SWV or DPV, producing a seven-time higher sensitivity. In this case, the next step is the study of the electrochemical behavior of MB covalently attached to a single-stranded DNA and comparison with that of the MB molecule. With this aim, several single MB-conjugated DNA strands have been evaluated. Examples of the cyclic, differential pulse and square wave voltammograms obtained are presented in [Fig. 1](#fig0005){ref-type="fig"}B--D to show the effect that CNTs have on the recorded analytical signals. Although ACV was employed in the bibliography [@bib0130], in this case CV, DPV and SWV since they are less complex and more commonly found in commercial potentiostats. DPV was also used for recording the signal of MB covalently labeled to DNA in non-nanostructured conventional gold electrodes [@bib0135], [@bib0140]. Moreover, SWV is a fast electrochemical technique, which is very important when several assays are going to be performed.Fig. 1Voltammograms recorded by CV (100 mV s^−1^) for 20 μM free MB (A) and 20 μM MB-DNA-MB 30-mer (B) and, by DPV (*A* = 0.05 V, *s* = 0.008 V) (C) and SWV (*A* = 0.05 V, *s* = 0.008 V, *f* = 50 Hz) (D) for 20 μM MB-DNA-MB 30-mer, obtained on bare (⋯) and nanostructured (---) electrodes.

3.1. Electrochemical signals of MB-DNA conjugate {#sec0050}
------------------------------------------------

The electrochemical behavior of DNA strands with different length (15 and 30-mer) labeled with MB (either with 1 or 2 molecules per strand) was studied. Comparison between bare and nanostructured electrodes was performed by recording DP and SW voltammograms. Results obtained for SWV are shown in the diagram of bars of [Fig. 2](#fig0010){ref-type="fig"} , where the intensity corresponding to the label itself is included for the sake of comparison. Those corresponding to DPV are included in the Supplementary Data (Figure S1). The error bars are calculated for the measurements recorded on three different SPEs.Fig. 2Bar diagrams obtained for different DNA-sequences (20 μM) by SWV (*A* = 0.05 V, *s* = 0.008 V, *f* = 50 Hz) on bare (colorless) and nanostructured (colored) electrodes.

When bare electrodes were used, much higher intensities were obtained for MB when compared with those form MB-conjugated strands. This can be explained because although the label is also MB, conjugation to DNA decreases the diffusion coefficient and therefore the peak intensities [@bib0285], [@bib0290]. On the other hand, the electrode surface can be reduced by the presence of DNA strands, decreasing then the effective area for the electron transfer. An increase in the signal is obtained for those strands with two MB molecules (MB-DNA-MB, 15 and 30-mer) attached at both ends, when compared to the respective MB-DNA of the same length. Although all the strands have the same concentration, this of MB doubles and can be an adequate approach for increasing the signals. Slightly higher values are obtained for 30-mer strands. The SWV intensities obtained were −6 ± 1 and −10 ± 2 μA for MB conjugated 15 and 30-mer respectively. These became −15.5 ± 0.1 and −21.6 ± 0.9 μA for the corresponding doubly conjugated 15 and 30-mer strands. Then, it seems that when the same number of label molecules is attached, a higher signal is obtained for longer sequences. (All data from SWV intensities were collected in Table S1 in the Supplementary Data.)

Finally, when the signal of a 30-mer MB-DNA sequence is compared to that similar but modified in the position 3′ by a thiol group (MB-DNA-SH), similar intensities were observed (−9 ± 1 μA). Similar results (reported in the Supplementary Data, Table S2) were obtained by DPV.

When SPEs were nanostructured with CNTs, intensities values were incremented considerably in all the cases. The enhancement for the molecule of MB is very notorious (more than 8.5 and 12.1 times for SWV and DPV, respectively). The same behavior than that observed for bare electrodes is here seen, that is to say, an increase with the number of labels for the same strand length, and also for the same number of labels an increase with the strand length. The highest value was obtained for the 30-mer sequence with two MB molecules (−103.9 ± 0.6 μA), meanwhile the lowest intensity was for the shortest sequence with one MB (−7 ± 1 μA (MB-DNA, 15-mer)). In the case of the DPV (Table S2 in the Supplementary Data) these values were −10 ± 1 and −1.8 ± 0.1 μA for the highest and lowest values respectively. In all the cases and similarly to bare electrodes, intensities obtained were lower than the intensity obtained for free MB, −188 ± 13 (SWV) and −34 ± 4 μA (DPV).

It can be deduced from these studies that the labeling of strands with MB reduces the analytical signal but this can be increased since higher signals were obtained for doubly labeled longer strands on nanostructured electrodes.

3.2. Nature of the MB process in DNA strands {#sec0055}
--------------------------------------------

Free MB presents a process that is controlled by diffusion on bare AuSPEs. However, MB becomes adsorbed when AuSPEs are nanostructured with CNTs and this allows a very substantial increase of the analytical signal [@bib0250]. In order to know this behavior for DNA strands, voltammograms were recorded at different scan rates ranging from 10 to 500 mV s^−1^ for MB-DNA (15-mer) on bare and nanostructured electrodes. On the other hand, to determine the effect of the thiol group present in DNA sequences this study was also performed for the MB-DNA-SH (30-mer). In [Table 1](#tbl0010){ref-type="table"} parameters of the linear regression from both DNA-sequences over bare and nanostructured electrodes are reported.Table 1Analytical parameters obtained from measurements performed on bare and nanostructured electrodes with 20 μM ssDNA and different scan rates, from 10 to 500 mV s^−1^.DNA sequenceElectrode*i*~p~/μA vs.SlopeIntercept*rn*MB-DNA (15-mer)AuSPE*v*^1/2^−3.48800.63980.98106*v*−3.98580.08760.99836CNTs-AuSPE*v*^1/2^−1.52100.73150.98386*v*−1.00660.19970.99986  MB-DNA-SH (30-mer)AuSPE*v*^1/2^−3.45890.66830.97577*v*−4.11640.11700.99867CNTs-AuSPE*v*^1/2^−0.54200.03760.98577*v*−0.6699−0.03940.99527[^1]

In all the cases assayed, DNA-sequences with and without thiol group, the study of scan rate shows that the electrochemical process is governed by an adsorption phenomenon because scan rate and intensities were directly related over both electrodes, unmodified as modified electrodes. Therefore, even for AuSPEs electrodes and without thiol group present, the MB process becomes adsorptive in nature.

Since this adsorption process increased notoriously the sensitivity in the case of the MB molecule, by performing an accumulation step, accumulation curves were performed for the DNA that presented the higher signal, the MB-DNA-MB, 30-mer strand. This was performed on bare and nanostructured electrodes for the sake of comparison. The corresponding accumulation curves are presented in [Fig. 3](#fig0015){ref-type="fig"} . Surprisingly, it can be seen that over bare electrodes, no adsorption process is observed. It is known that there is a critical effect of the size of the oligonucleotide on the adsorption at solid electrodes that may explain this. Oligonucleotide size directly affects the adsorption process [@bib0295], so that easier adsorption of smaller molecules is produced. Meanwhile, larger molecules such as the 30-mer oligonucleotide, give weaker adsorption phenomena.Fig. 3Accumulation curves for 10 μM of MB-DNA-MB 30-mer on bare (colorless) and nanostructured (colored) AuSPEs by CV (*v* = 100 mV s^−1^). Accumulation time = 5, 30, 60, 90, 120, 150, 180 s.

However, when nanostructured electrodes were used, peak currents increases with accumulation time up to 150 s, following a linear relationship (*i* ~p~/μA = −0.0227*t* ~acc~/*s*  − 0.803, *r*  = 0.997). Therefore, with two MB molecules present in the DNA-sequence, the diffusion nature of free MB is maintained on bare electrodes meanwhile this becomes adsorptive with the presence of carbon nanotubes on the electrode. This was confirmed with the relationships among peak current and scan rate. A linear relationship exists between *i* ~p~ and *v* ^1/2^ (*i* ~p~/μA = −8.6919*v* ^1/2^/(mV s^−1^)^1/2^  − 0.0003, *r*  = 0.9994) for bare electrodes and between *i* ~p~ and *v* for nanostructured ones (*i* ~p~/μA = −5.3662*v*/mV s^−1^  − 0.2852, *r*  = 0.9989).

3.3. Calibration plots {#sec0060}
----------------------

Calibration plots for the strand with the highest signal, MB-DNA-MB, 30-mer, were made by DPV on nanostructured electrodes. DPV was chosen because narrower and well-defined reduction peaks were obtained (127.0 and 87.3 mV as the half-height width for SWV and DPV, respectively). Since the simultaneous use of AuSPEs and CNTs originate a process governed by adsorption, this produces an enhancement of the analytical signal simply by the application of a short accumulation time. In this case 120 s was employed before recording the voltammogram and the calibration plot was compared to this obtained without accumulation. Graphs of the calibration plots are presented in [Fig. 4](#fig0020){ref-type="fig"} . In [Table 2](#tbl0015){ref-type="table"} are reported the parameters obtained from the linear relationship between *i* ~p~ (μA) and *C* (μM), performing three repeated observations at each concentration value. The accumulation gave a higher slope (sensitivity) with a value of −0.2864 μA μM^−1^, which meant an enhancement of almost 3 times. Similarly, lower detection limit (calculated as the concentration corresponding to three times the standard deviation of the intercept), 800 nM, was obtained by using accumulation time.Fig. 4Calibration plots for MB-DNA-MB 30-mer obtained by DPV (*A* = 0.05 V, *s* = 0.008 V) on nanostructured electrodes without (colorless) and with 120 s (colored) of accumulation time.Table 2Analytical parameters obtained from DPV (*s* = 0.008 V, *A* = 0.05 V, *v* = 16 mV s^−1^) calibration plots performed on nanostructured electrodes for the MB-DNA-MB, 30-mer strand.Accumulation time/sSlope/μA μM^−1^Intercept/μA*rn*LDR/μMLD/μM0−0.10510.27450.999493--251.4120−0.28640.11070.997991--250.8

4. Conclusions {#sec0065}
==============

A study of the electrochemical behavior of methylene blue covalently labeled to different SARS DNA-strands has been performed. Highly detectable labels and sensitive techniques are required. Although the signal of MB decreases due to the conjugation, labeling with two molecules and recording the signal on nanostructured electrodes allows an increase in the intensities. Nanostructuration increased the signal for all the strand evaluated (MB-DNA and MB-DNA-MB for 15 and 30-mer, and also for MB-DNA modified with a thiol group). On the other hand, higher analytical signals were obtained for longer DNA sequences.

The nature of the electrodic process was also studied and thus, when bare-AuSPEs were used the electrochemical process of MB covalently attached to DNA or DNA-SH sequences is controlled by adsorption. Only when two MB molecules are present, this process is governed by diffusion. The modification of AuSPEs with CNTs, made the electrochemical process of MB-DNA, MB-DNA-SH and MB-DNA-MB controlled by adsorption. This can be exploited for the enhancement of the sensitivity. The calibration plots for MB-DNA-MB employing a 120 s accumulation provided a limit of detection of 800 nM and an enhancement in the sensitivity of almost 3 times.

Work is in progress in order to perform a sensitive DNA sensor employing covalently labeled electroactive molecules on nanostructured electrodes.
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[^1]: *v* in mV s^−1^.
